Temperature invariant lasing and gain spectra in self-assembled GaInAs quantum wire Fabry-Perot lasers by D. E. Wohlert
Temperature invariant lasing and gain spectra in self-assembled GaInAs
quantum wire Fabry–Perot lasers
D. E. Wohlert, K. Y. Cheng, and S. T. Chou 
 
Citation: Appl. Phys. Lett. 78, 1047 (2001); doi: 10.1063/1.1350629 
View online: http://dx.doi.org/10.1063/1.1350629 
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v78/i8 
Published by the American Institute of Physics. 
 
Related Articles
Enhancement of random lasing assisted by light scattering and resonance energy transfer based on ZnO/SnO
nanocomposites 
AIP Advances 2, 012133 (2012) 
Ultra-broad spontaneous emission and modal gain spectrum from a hybrid quantum well/quantum dot laser
structure 
Appl. Phys. Lett. 100, 041118 (2012) 
Time-dynamics of the two-color emission from vertical-external-cavity surface-emitting lasers 
Appl. Phys. Lett. 100, 041114 (2012) 
Enhanced longitudinal mode spacing in blue-violet InGaN semiconductor lasers 
Appl. Phys. Lett. 100, 041113 (2012) 
Measurements and imaging of optical gain in optically pumped alkali-rare gas systems 
Appl. Phys. Lett. 100, 041110 (2012) 
 
Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/ 
Journal Information: http://apl.aip.org/about/about_the_journal 
Top downloads: http://apl.aip.org/features/most_downloaded 
Information for Authors: http://apl.aip.org/authors 
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 8 19 FEBRUARY 2001Temperature invariant lasing and gain spectra in self-assembled GaInAs
quantum wire Fabry–Perot lasers
D. E. Wohlerta) and K. Y. Chengb)
Department of Electrical and Computer Engineering and Microelectronics Laboratory,
University of Illinois at Urbana-Champaign, Urbana, Illinois 61801
S. T. Chou
Compound Semiconductor Manufacturing Company, Hu-Kou Industrial Zone, Hsinchu, Taiwan,
Republic of China
~Received 26 October 2000; accepted for publication 2 January 2001!
GaInAs quantum wire ~QWR! heterostructures have been grown by molecular beam epitaxy using
the strain-induced lateral-layer ordering ~SILO! process. Broad-area Fabry–Perot QWR lasers have
been fabricated from this material. The lasing wavelength from the QWR laser shifts at a rate of 0.9
Å/°C between 77 and 300 K compared to 4.6 Å/°C for a quantum well laser control sample.
Furthermore, the gain spectra of the QWR laser are derived from the amplified spontaneous
emission spectra at 77 and 300 K using the Hakki–Paoli method. The gain peak is also stabilized
against temperature changes indicating that temperature stable lasing behavior seen in SILO grown
GaInAs QWR Fabry–Perot laser diodes is due to a temperature stable band gap. © 2001 American
Institute of Physics. @DOI: 10.1063/1.1350629#The band gap of a III–V semiconducting crystal de-
creases with increasing temperature as demonstrated by the
Varshni equation.1 As such, the peak lasing wavelength from
a semiconductor laser diode, as well as the wavelength of the
gain peak, increase with increasing temperature. A tempera-
ture stable gain peak, however, is desirable for device appli-
cations. For instance, vertical-cavity surface-emitting lasers
~VCSELs! suffer from low output powers due to a detuning
of the gain peak from the reflectivity spectrum. The ther-
mally induced detuning occurs because the gain peak of
VCSELs shift at a rate of 3–9 Å/°C ~depending on the ma-
terial system!2,3 due to the temperature dependence of the
band gap.2 Where, on the other hand, the reflectivity spec-
trum of the distributed Bragg reflector ~DBR! mirror shifts at
a rate of ;1 Å/°C.3 To solve this problem, researchers have
designed VCSELs with intentionally broad gain spectrums4
and have fabricated structures with gain/DBR reflectivity
spectra offsets.3 An alternative approach would be to employ
an active region with a temperature stable band gap. Self-
assembled GaInAs quantum wires ~QWRs! grown by the
strain-induced lateral-layer ordering ~SILO! process5 have
demonstrated temperature stabilized photoluminescence ~PL!
emissions of less than 1 Å/°C in the 1.55–1.62 mm wave-
length region for temperatures ranging between 77 and 350
K.6,7 In this letter we use GaInAs QWRs to demonstrate
temperature stabilized lasing and gain spectra from a simple
broad-area Fabry–Perot laser diode.
GaInAs QWR separate confinement heterojunction
~SCH! lasers were grown on S-doped (n1;331018 cm23)
~100!-InP substrates by molecular beam epitaxy. The sche-
matic diagram of the QWR laser structure is shown in Fig. 1.
The active region consists of five QWR layers where each
layer contains eight pairs of a (GaAs)2 /(InAs)2.2 short-
a!Present address: TriQuint Semiconductor, Richardson, TX 75083.
b!Electronic mail: k-cheng@uiuc.edu1040003-6951/2001/78(8)/1047/3/$18.00
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QWR layer is separated by 75 Å thick Al0.24Ga0.24In0.52As
barriers. During the deposition of the SPS, the QWRs are
created in situ by the SILO process. The formation of QWRs
using the SILO process has been previously discussed at
length.8 A conventional quantum well ~QW! SCH laser of
similar structural configuration with lattice-matched
Ga0.47In0.53As QWs has been fabricated for comparison.
Stripe-geometry Fabry–Perot lasers with 60 mm wide
stripes and 500 mm long cavities were fabricated. Contact
stripes were defined along the @110# direction to take advan-
tage of the lower threshold current density when the stripes
are perpendicular to the QWRs.9 Lasing and amplified spon-
taneous emission spectra were measured at 77 and 300 K
under pulsed conditions using a pulse width of 1 ms and a
repetition rate of 1 kHz. The Hakki–Paoli method10 was used
to derive gain spectra from the amplified spontaneous emis-
sion spectra. Samples were also examined by PL spectros-
copy using an Ar1 laser tuned to 5145 Å. The PL was de-
tected with a liquid-nitrogen cooled Ge detector using the
lock-in technique.
FIG. 1. Schematic diagram of a broad-area GaInAs QWR Fabry–Perot laser
diode grown using the SILO process. Notice that the contact stripe is per-
pendicular to the long axis of the QWRs.7 © 2001 American Institute of Physics
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ser diode is 1.433 mm at 77 K and 1.535 mm at 300 K as
seen in Fig. 2. The corresponding threshold current density
(J th) is 260 A/cm2 at 77 K and 1.4 kA/cm2 at 300 K. Also in
Fig. 2, lasing spectra of the GaInAs QWR laser diode is
shown at 77 and 300 K. The lasing wavelength at 77 K is
1.695 mm with a J th of 200 A/cm2. At 300 K, the lasing
wavelength is 1.715 mm which corresponds to a J th of 1
kA/cm2. From these values it is clear that the temperature
dependent lasing-wavelength shift of the QW laser diode be-
tween 77 and 300 K is ;4.6 Å/°C, which is a typical value
seen in this material system. Conversely, the net wavelength
shift seen in the GaInAs QWR laser diode in the same tem-
perature range is only ;0.9 Å/°C. This is similar to the
wavelength-shift rate seen in this structure using PL spec-
troscopy. In fact, temperature stabilized PL wavelengths are
well documented for GaInAs QWRs grown by the SILO
process.6,7 It has been shown that this effect is due to the
temperature dependence of the multiaxial strain that exists in
SILO grown QWRs and that this strain results in a tempera-
ture invariant band gap for GaInAs QWRs grown under the
proper conditions.11
Other effects, however, could cause the emission wave-
length dependence on temperature to deviate from what is
considered normal behavior. For example, Walther et al.12
has also demonstrated a temperature stable lasing wave-
length in a strained GaInAs/GaAs QWR laser formed on a
patterned substrate. The wavelength was shown to be stable
for temperatures between 80 and 150 K. This effect was
attributed to a weak mode selectivity from the etched-and-
regrown QWR grating which had a period of 2500 Å. The
QWR array for SILO grown QWRs, however, is rather
nonuniform13 and has a small average periodicity of 300 Å,
which would inhibit any mode selectivity that could be cre-
ated due to the optical field interacting with the alternating
index of refraction along the @110# direction. In addition, the
peak wavelength of the PL emitted from the @100# direction
would not benefit from such a grating effect, even if the
QWRs were uniform. Consequently, there is no grating con-
FIG. 2. 77 and 300 K lasing spectra measured from a GaInAs QW laser and
from a GaInAs QWR laser that was grown using the SILO process. Notice
that the lasing wavelength dependence on temperature is drastically reduced
in the QWR laser diode.Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPtribution to the PL and lasing wavelength behavior with re-
spect to temperature seen in GaInAs QWR structures grown
by the SILO process.
Band filling,14,15 band gap renormalization,14–16 and
higher-order subband effects have also been investigated as a
source of anomalous emission behavior with respect to tem-
perature by varying the incident laser intensity over three
orders of magnitude ~1.0–150 W/cm2! during PL experi-
ments. No noticeable shift in peak wavelength was observed
at 300 K in response to the increasing intensity. At 77 K,
blueshifts in the peak PL wavelength equivalent to 10 meV
or less were typical in various GaInAs QWR structures.
These results imply that band filling may have a small effect
on the QWR PL emission at low temperatures, but neither
band filling nor band gap renormalization is significant near
300 K. Finally, no additional peaks were seen when varying
the input intensity implying that higher order subbands do
not contribute significantly to the observed luminescence.
Thus, band gap renormalization and higher order subbands
do not contribute to the observed temperature dependent PL.
Because a 10 meV incident power dependent shift at 77 K
does not account for temperature stable PL wavelengths,
band filling does not contribute significantly to the unique
temperature dependent PL emission characteristics seen in
GaInAs QWRs. However, under lasing conditions, the car-
rier density is much higher than during PL spectroscopic
measurements. Therefore, to conclusively determine the ori-
gin of temperature stabilized emission from SILO grown
GaInAs QWRs, the gain spectra from the QWR laser has
been derived.
A shift in wavelength of the gain peak in response to
temperature changes is mainly due to the corresponding tem-
perature induced change in the band gap energy.2 Therefore,
a SILO grown QWR laser with temperature stabilized PL
and lasing wavelengths will have a temperature stabilized
gain peak if this phenomenon is due to a temperature stable
band gap. To demonstrate that this temperature stabilized PL
and lasing wavelength effect is due to the band gap, we have
derived the gain spectra at 77 and 300 K from the corre-
sponding amplified spontaneous emission spectra using the
Hakki–Paoli method.10 Amplified spontaneous emission
spectra were taken at 15% below the threshold current at 77
and 300 K from the GaInAs QWR laser. As seen in Fig. 3,
the gain-peak wavelength is indeed stabilized against tem-
perature with a wavelength-shift rate of only 1.4 Å/°C, which
is well below the usual range of 3–9 Å/°C.2 This demon-
strates that temperature stabilized emission in GaInAs QWRs
grown by the SILO process is due to a temperature stabilized
band gap. Furthermore, the wavelength-shift rate in gain
peak of the QWR laser is similar to that observed in the
reflectivity spectra of VCSELs, ;1.0 Å/°C, which implies a
GaInAs QWR active region could increase the output power
of these devices. Finally, notice the full-width at half-
maximum ~FWHM! behavior of the gain spectra in Fig. 3.
The gain spectrum at 77 K is clearly wider than at 300 K.
This is due to the self-assembled nature of SILO grown
QWRs. In fact, similar behavior has been observed in self-
assembled quantum dots ~QDs! and has been ascribed to the
occupation distribution of quantum subbands at different
temperatures in different size QDs.17 For instance, at 77 K license or copyright; see http://apl.aip.org/about/rights_and_permissions
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yielding a broader FWHM. As the temperature increases, the
carriers have enough energy to scatter into potential minima
of dots/wires that are, on average, larger. Consequently, a
small subset of dots/wires contribute to the radiative recom-
bination at higher temperatures which gives a smaller
FWHM as seen in Fig. 3.
In summary, the temperature dependent lasing behavior
of SILO grown GaInAs QWR laser diodes has been investi-
gated. The lasing spectra and gain spectra from a simple
broad-area Fabry–Perot QWR SCH laser were measured at
77 and 300 K. Both the lasing wavelength-shift rate and
gain-peak wavelength-shift rate are stabilized to ;1 Å/°C.
FIG. 3. Gain spectra at 77 and 300 K derived from the amplified spontane-
ous emission of a GaInAs QWR Fabry–Perot laser diode. The gain peak
shifts at a reduced rate of 1.4 Å/°C, which is consistent with the temperature
dependence of lasing and PL spectra. The y axis is unitless and proportional
to the material gain. Specifically, the y axis is (cavity length)
3(modal gain–losses). The solid lines are curve fits to the data.Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPAs is the case with previously observed temperature stabi-
lized PL wavelength emission, this behavior is due to a tem-
perature stabilized band gap.
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